INTRODUCTION
During cerebral ischemia, cytotoxic free radicals are generated. Therefore, agents that impair free radical production may be of potential value in the prevention of cerebral ischemia. Conversely, conditions facilitating the production of free radicals could lead to more severe cerebral ischemia. Alcohol is of interest, because it can act as an oxidant and an antioxidant.
The available epidemiologic evidence suggests that alcohol consumption has both beneficial and untoward effects on the occurrence of stroke. Regular light-tomoderate drinking seems to protect against carotid arterial atherosclerosis, a major risk factor for ischemic stroke (1) . On the other hand, recent heavy drinking of alcohol increases the risk for both ischemic and hemorrhagic strokes, but the mediating mechanisms are still unclear (2) . The following overview will highlight current evidence of the oxidant/antioxidant actions of alcohol in relation to the risk of stroke.
ANTIOXIDANTS AND STROKE
Oxidants seem to play a major role in brain damage caused by cerebrovascular diseases. Several experimental studies have suggested that antioxidants could be of value in both the treatment and the prevention of ischemic stroke. For example, antioxidants may reduce vasospasm and infarct size (3) . Another aspect, still poorly investigated, is the role of oxidant/antioxidant status for the incidence and outcome of human strokes.
Strokes are usually divided into the following three categories: Ischemic brain infarction (IBI), which is known to have a large number of different causes and/or predisposing factors. Hypertension, cardiac disease and cigarette smoking are the major risk factors of IBI. Spontaneous intracerebral hemorrhage (ICH) shares hypertension as a major risk factor with IBI, but also has recent heavy drinking of alcohol and use of anticoagulant treatment as independent risk factors. Finally, aneurysmal subarachnoid hemorrhage (SAH) shares cigarette smoking as a major risk factor with IBI. Accordingly, two of the main types of stroke have cigarette smoking as a major risk factor, while the third one has recent heavy drinking of alcohol. Against this background, it is of interest to note that both heavy smokers and heavy drinkers are often short of antioxidant nutrients (4-5).
Cerebrovascular spasms
Cerebral arterial spasms leading to brain infarction are commonly seen as a complication of aneurysmal SAH. They usually occur about one week after the bleeding and are triggered by blood in the subarachnoid space. In this condition, cerebral vasospasm may result from the action of hemoglobin. According to one hypothesis, free radical formation could be involved. Oxyhemoglobin, which is a potent vasoconstrictor, could trigger a cascade involving phospholipid peroxidation and free radical formation in the vessel wall. Free radicals may impair endothelium dependent vasodilation. The hypothesis is supported by experiments testing the vasospastic action of oxyhemoglobin. Oxyhemoglobin has been observed to produce a slowly developing sustained contraction of canine cerebral arterial rings. Free radical scavenging agents, such as lazaroids and deferoxamine, have been shown to be able to attenuate the effect and the associated elevation of intracellular calcium (6) . Perivascular application of deferoxamine has also been shown to inhibit delayed arterial narrowing after chronic blood exposure in a rat femoral artery model of vasospasm (7) . These observations suggest that antioxidants could ameliorate experimental vasospasm by scavenging free radicals.
Infarct size
Another antioxidant, tirilazad mesylate, a 21-aminosteroid lipid-peroxidation inhibitor, has been found to improve early metabolic recovery after severe experimental acidotic cerebral ischemia (8) . This observation strongly supports the hypothesis that free radical formation contributes to the appearance of acute cerebral ischemia. Another experimental study showed that tirilazad mesylate is also able to reduce SAH-induced blood-brain barrier damage and to protect cultured neurons against ironinduced lipid peroxidative injury in a concentrationdependent fashion (9) . Finally, transgenic mice with a high antioxidant potential in the brain develop smaller experimental infarcts than nontransgenic mice with a lower antioxidant potential (3).
Clinical investigations
Clinical studies on antioxidants and stroke are rather few in number. One prospective, randomized, double-blind, vehicle-controlled trial on 1,023 patients indicated that tirilazad mesylate can decrease mortality and improve neurological recovery after the onset of aneurysmal subarachnoid hemorrhage (10) . In this study the beneficial effect was predominantly seen among men. Part of it may have been due to reduced risk of delayed cerebral ischemia, but this remained unclear, since tirilazad mesylate did not reduce the vasospasm of large cerebral arteries. Vasospasm of large cerebral arteries usually correlate with occurrence of delayed cerebral ischemia. The study was conducted at 41 neurosurgical units in Europe, Australia and New Zealand. One could speculate that tirilazad mesylate was more effective among men, because men were possibly short of antioxidants due to their heavier smoking and drinking compared with women.
The Atherosclerosis Risk in Communities Study (ARIC study) showed a significant inverse relationship between antioxidant intake (vitamin C and α-tocopherol) and average carotid artery wall thickness both in men and in women (11) . The investigators did not adjust for alcohol intake, but adjusted for age, race, education, body mass index, fasting serum glucose, HDL and LDL cholesterol, systolic and diastolic blood pressures, total caloric intake and cigarette smoking. The timing of dietary intake with respect to the development of artery wall thickness was not known. This investigation suggests that an adequate antioxidant supply could prevent the development of carotid arterial atherosclerosis.
The Alpha-Tocopherol, Beta-Carotene (ATBC) Cancer Prevention Study covered 29,133 Finnish male smokers 50 to 69 years of age (12). The follow-up continued for up to 5-8 years. Altogether 110 and 123 deaths due to hemorrhagic and ischemic strokes occurred during the trial. There were more deaths due to ischemic and hemorrhagic strokes among those who received β-carotene than among those who did not. On the other hand, there were fewer deaths caused by ischemic stroke (and ischemic heart disease) among those who received α-tocopherol, but again more deaths due to hemorrhagic stroke.
The Zutphen Study was the first to show a protective effect of flavonoid intake on stroke incidence (13) . A cohort of 552 men aged 50 to 69 years was examined in 1970 and followed up for 15 years. Black tea contributed about 70% to flavonoid intake. Men with a high intake of flavonoids had a 73% lower risk of stroke during 15 years of follow-up examinations compared with those with a low intake of flavonoids (adjusted RR 0.31, 95% CI 0.12-0.84). In this study, no association between vitamin C intake and stroke incidence was found, but high β-carotene intake tended to associate with low stroke incidence. Gey an coworkers reported a lower stroke mortality for middleaged men with high plasma levels of β-carotene (14) .
Finally, the Western Electric Study suggested a moderate protective effect of antioxidants on risk of stroke incidence and mortality (15). The analyses were based on 1,843 men, aged 40-55 years at the baseline examination, free of cardiovascular disease, including stroke, through the first follow-up examination in 1959. The highest quartiles of β-carotene, vitamin C intake, and antioxidant index were associated with decreased risk of stroke by 16, 29 and 26%, respectively, compared to the lowest quartile. Further large trials are needed before the question of whether antioxidants will reduce the incidence of stroke can be answered.
ALCOHOL AND STROKE

Outcome of stroke
The outcome of stroke seems to be influenced by recent heavy drinking of alcohol. After adjustment for several other risk factors, recent heavy drinking remained a significant independent predictor of poor outcome in both patients with aneurysmal SAH and ones with spontaneous ICH (16) (17) . However, infrequent drinking seems to be harmless with respect to the outcome. One could speculate that the antioxidant status of the patients influenced the outcome. A shortage of antioxidants among recent heavy drinkers could have caused more severe vasospasms and larger brain infarctions after the bleeding. The hypothesis was supported by the finding that the poor outcome of the heavily drinking SAH patients was frequently caused by cerebral vasospastic ischemia, although rebleedings and larger bleedings were also found to be responsible for the poor outcome (16) (17) .
Antioxidant deficiencies are common both among recent heavy drinkers (5) and among regular heavy smokers (4). Interestingly, heavy drinking of alcohol remained a significant predictor of poor outcome even after adjustment for cigarette smoking (16) . Therefore, other alcohol-related factors could also have contributed to the poor outcome. For example, the alcohol withdrawal syndrome, which frequently follows an abrupt cessation of prolonged heavy drinking, is associated with wellknown cerebral disorders that could influence the outcome of stroke. By using unilateral carotid artery ligation in gerbils, it has been shown that experimental ischemic cerebral infarcts are larger if they are precipitated at the onset of alcohol withdrawal (18).
Occurrence of stroke
The occurrence of stroke could also be influenced by antioxidant deficiencies. The high morbidity and mortality from stroke among 15 European Communist populations has been speculated to be related to antioxidant deficiencies (19) . It is wellknown that the consumption of alcohol is high and that of fruit low among these people.
According to a recent report, lacunar cerebral infarction is common among young adults who are alcohol misusers (20) . Lacunar stroke originates from the small penetrating arteries of deep cerebral structures. Hypertension is the major risk factor for both lacunar hemorrhage and infarction. Diabetes and cigarette smoking are also risk factors for lacunar infarction. The role of alcohol drinking as a risk factor for lacunar stroke has not been thoroughly investigated.
The exact mechanism leading to lacunar stroke is unclear. However, hypertension promotes degeneration of the small penetrating arteries leading to microaneurysm formation. Interestingly, the wellknown antiatherogenic effect of alcohol intake may not be operating in the small penetrating cerebral arteries (21) , and alcohol has not been found to increase prostacyclin formation in rat brain microvessels (22) . Accordingly, the actions of alcohol could be different, depending on vessel type. The effects of alcohol on the small cerebral arteries compared to the other arteries in humans need to be investigated, because several studies have demonstrated alcohol-induced vasospasms in the cerebral arteries of experimental animals (23) (24) . In addition, pretreatment of rats with α-tocopherol has been shown to ameliorate the cerebrovasospasm and vascular damage induced by alcohol (25) . Before we can answer the question of whether alcohol-induced vasoconstriction is involved in the precipitation of lacunar strokes, we need to demonstrate that lacunar strokes frequently occur during severe alcoholic intoxication, and that recent heavy drinking is an independent risk factor for lacunar stroke. Alcohol-induced hypertension could also mediate the risk.
How about the oxidative status? A recent experimental study explored the effects of alcohol on nitric oxide mediated cerebral arteriolar dilation. According to the results, it is possible that alcohol-stimulated release of oxygen radicals could impair cerebral vasodilation by a direct effect of oxygen radicals on nitric oxide. However, the effect was not demonstrated by low and moderate alcohol concentrations (26) . I would like to conclude that the role of alcohol as well as that of the oxidative status in the pathogenesis of lacunar stroke is still highly speculative. However, the abovementioned aspects should also be investigated in normotensive and hypertensive human subjects.
ATHEROSCLEROSIS AND THROMBOSIS
Much attention has recently been paid to the possible beneficial effect of moderate alcohol consumption on both athero-and thrombogenesis. The antioxidant effects of ethanol itself and some other components of alcoholic beverages can be considered to inhibit these processes.
Atherogenesis
First, ethanol can act as an antioxidant and inhibit low density lipoprotein (LDL) oxidation. Because the oxidation of LDL promotes the development of atherosclerosis in vivo (27) , it has been hypothesized that ethanol metabolism, if it occurs in human blood vessel walls to a significant extent, could protect against the development of atherosclerosis by antagonizing the oxidation of LDL (28). However, the available clinical evidence does not consistently support the hypothesis (1-2, 29-31). Although both coronary and carotid atherosclerosis have frequently been reported to be less common among regular light-to-moderate drinkers than lifelong abstainers, mortality from coronary heart disease is high among both regular heavy drinkers and life-long abstainers (30) (31) . One could anticipate that the higher the dose of alcohol, the lesser of the risk for atherosclerosis and coronary heart diasease, but this is not the case. Confounding factors, such as cigarette smoking and hypertension, could explain the discrepancy, but they seem to be eliminated (30) (31) . Apparently, other effects caused by prolonged heavy drinking, among them antioxidant deficiency, should be taken into account. In fact, some experimental data indicate that a high dose of alcohol raises LDL (32) and a high level of LDL stimulates platelet thromboxane formation (33) .
Second, LDL oxidation could be inhibited by some antioxidant compounds of alcoholic beverages, such as tannins. Particularly red wine, but also white wine, contain these phenolic substances, which are powerful antioxidants, and it has been shown that the phenolic compounds of red wine inhibit the oxidation of human LDL (34).
Thrombogenesis
Third, the antioxidants of wine also inhibit platelet aggregation, and the inhibitory effect seems to prevail for some time even after the cessation of drinking (35) . This could explain the findings that light-to-moderate drinking, but not heavy drinking, prevents coronary heart disease and ischemic stroke, because in most countries heavy drinkers use alcoholic beverages other than wine. The most recent in vitro studies have demonstrated that even dealcoholized red wines clearly inhibit platelet aggregation (36) . This provides evidence to support the hypothesis that the antioxidants of wine, at least in part, are responsible for the effect. This is also in line with the observation that coronary heart disease mortality is low in wine-drinking countries.
Many previous in vitro experiments suggest that ethanol itself can inhibit platelet reactivity (37) . However, the effect is short-lasting. Concerning acute alcohol intake by human nonalcoholic volunteers, conflicting observations have been reported. Acute alcohol intake has been observed to decrease and increase platelet reactivity. A rebound increase after an initial decrease in platelet aggregation may occur (38) .
Farmers from France, who are wine drinkers, show an inverse association between preceding alcohol intake and platelet reactivity, e.g. the more alcohol they have consumed, the less platelet reactivity they show (39). We do not know whether this finding is due to the effects of ethanol itself or those of some other components of wine, but people from Great Britain also show a similar association (40) . In order to test this, we recently gave a moderate amount of red wine to healthy human Finnish volunteers who were light occasional drinkers. We observed that a moderate dose of red wine, when taken together with an evening meal or after fasting for 6 hours, caused a significant decrease in shear-induced platelet aggregation, which prevailed for the time the alcohol was present in blood, i.e. for 8 hours (Numminen et al., unpublished observation). Unfortunately, we did not use a control group ingesting pure ethanol, but the addition of a large amount of ethanol to a test tube increased platelet reactivity, whereas an addition of red wine did not.
